In order to map the autosomal dwarf (adw) locus in the chicken, 11 segregating families were created. Initially five of these families were used for a linkage experiment in which the genome was scanned with microsatellites using a technique called bulked segregant analysis. Subsequently animals from 11 families were typed individually for microsatellites that appeared to be linked. We were able to detect genetic linkage of the adw locus to five different microsatellite markers on chromosome 1, the closest showing a recombination fraction of only 0.03 (LOD score 32.12). In mice the phenotype pygmy shows a striking similarity to the autosomal dwarf phenotype in chickens, both having a disproportionately large head. The pygmy locus has been mapped on mouse chromosome 10 and found to represent a mutation in the gene coding for high-mobility group protein I-C (HMGI-C). Considering the synteny between regions of chicken chromosome 1, mouse chromosome 10 and human chromosome 12, and taking into account both the phenotypic characteristics and the mode of inheritance of the chicken adw and the mouse pygmy loci, the HMGI-C gene is a major candidate gene for the adw locus in the chicken. Fluorescence in situ hybridization of metaphase chromosomes with the chicken HMGI-C gene as a probe, showed that the chicken HMGI-C gene is indeed closely linked to marker LEI146 on chromosome 1.
Growth is the result of complex interactions between multiple genetic and exogenous factors. For a better understanding of this complex trait the detailed analysis of existing growth disorders that are based on single gene mutations can be very informative. A spontaneous autosomal recessive mutation in White Leghorn chickens affecting overall body size (except the head) was reported by Cole (1973) . Adult birds were reduced in body weight by 30% and were distinguishable from nondwarf chickens by 6-8 weeks of age. The endocrine basis underlying the reduced growth in autosomal recessive dwarf (adw) chickens has been studied in the past ( Huybrechts et al. 1984; Scanes et al. 1983 ). These studies showed that plasma concentrations of immunoreactive growth hormone and insulin-like growth factor I were unaffected. Furthermore, the so-called autosomal dwarf (adw) chickens appeared to be slightly hypothyroid having plasma concentrations of both T4 and T3 somewhat lower than in the control strain. However, these minor changes did not suggest that this was the major cause of the reduced growth rate.
In mice, a dwarf phenotype called pygmy, showing a striking resemblance to the phenotypic characteristics of adw chickens, was described by MacArthur (1944) . A transgenic insertional mutant ( Xiang et al. 1990 ), allelic to pygmy mice, was characterized ( Benson and Chada 1994) . Adult mice, homozygous for the mutation, showed a 40% reduction in body size, the head being disproportionately larger. As in adw chickens, the small size in pygmy mice could not be explained by aberrations in the growth hormone-insulin-like growth factor endocrine pathway. Recently Zhou et al. (1995) showed that the pygmy phenotype arises from the inactivation of high-mobility group protein I-C ( HMGI-C). HMGI-C has been shown to be involved in the regulation of cell proliferation ( Zhou et al. 1995) . In wild type mice the HMGI-C gene was found to be expressed only during embryogenesis in most tissues and organs. Remarkably, HMGI-C expression was not seen in the embryonic brain except in a small section of the forebrain, coinciding with the observation that most tissues in pygmy mice are 40-50% smaller than wild-type tissues, the only tissue of normal size being the brain ( Benson and Chada 1994) . Genotypes for microsatellite MCW43 for both parents, pooled dwarf, and nondwarf offspring in one of the families in which the adw locus is segregating. A large difference in allelic frequency for both pools is observed. Allele sizes are shown in base pairs ( bp).
As an initial step toward dissecting the genetic basis of autosomal dwarfism in the chicken, a linkage study was performed using families segregating for the adw locus. Because autosomal dwarfism is influenced by a single gene with complete penetrance, this trait is ideally suited to be analyzed using bulked segregant analysis (Ruyter-Spira et al. 1997 ). This method involves the construction of two pools of DNA from animals derived from a segregating population differing for the phenotypic trait of interest. These pools are genetically dissimilar in the selected region but heterozygous at all other regions (Michelmore et al. 1991) . The test for linkage is based on the estimation of differences in marker allele frequencies between the alternate pools. Because only the genotypes of both pools and parents need to be determined, a huge reduction in the required number of typings can be achieved.
Applying this method to a chicken population in which the adw locus is segregating, we were able to map the adw locus to chromosome 1. As a second step we determined the chromosomal location of candidate gene HMGI-C using fluorescence in situ hybridization on metaphase chromosomes.
Materials and Methods

Experimental Cross
A population, segregating for the adw locus, was obtained by crossing White Leghorn cocks, homozygous recessive at the putative autosomal dwarfism locus (adw/ adw), with Cornish hens carrying the wildtype allele (ADW/ADW). Eleven different cocks and hens of the F 1 (ADW/adw) were crossed, resulting in 225 offspring. At 6 weeks of age the F 2 animals were phenotyped based on their body weights and the size and form of the heads.
Animals Used for Linkage Analysis
Due to the large variance in body weights it was sometimes difficult to distinguish adw chickens from non-adw chickens. Therefore only animals for which the phenotypes could clearly be classified were included in the linkage experiments. Five families with the largest number of offspring were selected for bulked segregant analysis. The offspring were divided into dwarf and nondwarf pools, each pool containing 6 to 11 individuals. For the linkage experiment based on individual genotypings, 145 animals with clear phenotypes were used.
DNA Isolation and Pool Preparation
Blood samples in EDTA were taken from chickens of all F 2 families and their parents and frozen at Ϫ80ЊC until analysis. For each of the five families selected for bulked segregant analysis, blood samples from dwarf and nondwarf F 2 animals were pooled. DNA from pools and individuals was isolated using a genomic DNA isolation kit (Puregene, Gentra Systems Inc., Minneapolis, Minnesota) and diluted in Tris-EDTA (pH 8) to a final concentration of 10 g/ml.
Polymerase Chain Reactions and Product Analysis
A set of 111 microsatellite markers (Crooijmans et al. 1993 (Crooijmans et al. , 1994 (Crooijmans et al. , 1995 RuyterSpira et al. 1996) , covering about 80% of the chicken genome, was selected for a total genome scan. PCR was performed according to Ruyter-Spira et al. (1997) . The amplification products were separated on a 6% denaturing polyacrylamide gel (Sequagel-6, National Diagnostics, Atlanta, Georgia) using an automated laser sequencer (Automated Laser Fragment sequencer, Pharmacia LKB Biotechnology, Uppsala, Sweden; ABI 373A, Perkin Elmer, Applied Biosystems Division, Foster City, California). The curves representing the allelic frequencies of the pooled samples were visually inspected. In case a marker showed large differences between the allelic frequencies of both pools, allelic frequencies were calculated using the ALF fragment manager program (Pharmacia LKB Biotechnology, Uppsala, Sweden) and, if possible, corrected for differential amplification. Subsequently, individual progeny samples from all 11 families (145 animals) were tested for these markers to determine exact allelic frequencies in order to estimate genetic distances.
Linkage Analyses
Two-point and multipoint linkage analysis was performed using the computer program LINKAGE ( Lathrop et al. 1984) . A minimum LOD linkage score of 3 was taken to indicate linkage.
Isolation of Chicken HMGI-C and Microsatellite LEI146 Genomic Clones
In order to isolate genomic clones corresponding to the HMGI-C gene, 2.6 ϫ 10 5 plaques of a LambdaEMBL3 chicken genomic library with an average insert size of 15 kb (Clontech Inc., Palo Alto, California) were screened by hybridization using a cDNA probe representing the entire coding region of the murine HMGI-C cDNA (Manfioletti et al. 1991) . The complete insert of one of the five clones which remained positive after tertiary screening was subcloned into the SalI site of the pBluescript II ( KSϩ) vector, transformed into Escherichia coli XLI-blue, and further characterized by restriction mapping and Southern blot analysis. Plasmid DNA was prepared by the alkaline lysis method using the Quiaprep plasmid isolation kit (Quiagen Inc., Chatsworth, California). Two adjacent PstI fragments, both containing a coding part of the chicken HMGI-C gene, were subcloned and partially sequenced using the autoread sequence kit (Pharmacia, Uppsala, Sweden). Sequences were determined on the automated laser fragment sequencer and further analyzed using the Microgenie program ( Beckman Instruments, Inc., Palo Alto, California). To obtain genomic clones containing the LEI146 marker sequence, the same library (Patel et al., 1994) . Differences are indicated with an asterisk (*).
was screened using a LEI146 PCR fragment as the probe.
Fluorescence In situ Hybridization
Metaphase chromosomes were obtained from a culture of chicken embryo fibroblasts after treatment with a hypotonic solution (75 mM KCl) and fixed in methanol and acetic acid (3:1).The spreads were stained with quinacrine (Caspersson et al. 1970) , analyzed by fluorescence microscopy (Zeiss Axiophot-2), and photographed using a cooled CCD camera. For fluorescence in situ hybridization the LEI146 probe was labeled with biotin-16-dUTP ( Boehringer, Mannheim) and the HMGI-C probe was labeled with digoxigenin-11-dUTP ( Boehringer, Mannheim). The biotinylated probe was detected by subsequent incubation with AvFitc, BIOGAA, and AvFitc ( Vektor Brunschwig Chemie, Amsterdam, The Netherlands). The digoxigenin-labeled probe was detected by MAdig (Sigma, St. Louis, Missouri), RAM-TRITC, and SWARTRITC ( both from Vektor Brunschwig Chemie, Amsterdam, The Netherlands). The DNA was counterstained with DAPI. In the prephotographed spreads the signals were detected by fluorescence microscopy and pictures were taken by a cooled CCD camera.
Results
Bulked Segregant Analysis
Of the 111 microsatellites selected for the total genome scan, 31 were tested using bulked segregant analysis. During visual inspection of the allelic frequencies, a marked difference in allelic frequencies between the dwarf and nondwarf pools was observed for markers MCW18, MCW43 ( Figure 1) , and MCW112 in all five families. Markers MCW43, MCW18, and MCW112 map to the same region on chromosome 1. Two markers, not linked to those mentioned above, also showed differences in allelic frequency between the dwarf and nondwarf pools in one and two families. However, because these differences were not consistent in other families, and considering the fact that both markers mapped to a different chromosomal region, these markers were dismissed from further analysis.
Individual Linkage Analysis
In order to verify the results from the bulked segregant analysis experiment, and in order to obtain a more accurate estimation of the location of the adw locus on the genetic linkage map, DNA samples from 145 dwarf and nondwarf chickens were subjected to individual linkage analysis. Five microsatellite markers (MCW43, MCW18, ADL307, LEI71, LEI146), all being located in the region of the adw locus, were analyzed. One of these markers ( LEI146) was located in the region between MCW43 and MCW18. Using twopoint analysis, positive linkage with the adw locus was found for all markers except ADL307 and LEI71, the recombination fraction between LEI146 and the adw locus being as low as 0.03 ( LOD linkage score ϭ 31.98). A multipoint analysis revealed the most likely position of the adw locus with respect to the markers present on linkage group WAU1 ( Figure 2) .
Cloning, Sequencing, and Fluorescence In situ Hybridization of the Chicken HMGI-C Gene
Because the HMGI-C gene is a likely candidate for the adw locus in the chicken (see Discussion), a genomic chicken library was screened using a murine HMGI-C cDNA probe (Manfioletti et al. 1991) .
Comparison of murine with human HMGI-C cDNA sequences revealed that HMGI-C encodes a protein that is highly conserved across species (Patel et al. 1994 ). The same library was also screened with a PCR fragment obtained with microsatellite LEI146. For both probes, positive clones approximately 15 kb in length were isolated and subcloned. Two adjacent PstI fragments, containing coding sequences of the chicken HMGI-C gene, were subcloned and partially sequenced. Parts of these clones showed a 100% match with sequences of exon 5 derived from a chicken HMGI-C cDNA clone which contains the complete coding part for HMGI-C, including a region that is HMGI-C specific (Ruyter-Spira et al., in preparation). Comparing the deduced amino acid sequence from chicken HMGI-C exon 5 with the human HMGI-C and HMGY (another member of the highly conserved HMGI class of proteins) sequences, confirms that we indeed cloned HMGI-C ( Figure 3) . The HMGI-C genomic clone was either separately or simultaneously with the clone containing the LEI146 sequence, used for fluorescence in situ hybridization of metaphase chicken chromosomes using different fluorescent dyes for each probe. As a result a specific signal for both probes was found on chromosome 1p proximal to the centromere ( Figure 4 ).
Discussion
In this study we successfully mapped the autosomal dwarf (adw) locus in the chicken to chromosome 1 using bulked segregant analysis. This technique resulted in the identification of positive linkage between the adw locus and three microsatellite markers, and even linkage of the adw locus to a marker at a genetic distance of approximately 36 cM (MCW18) could still be clearly detected. Like in a previous experiment in which bulked segregant analysis was used to map the dominant white locus in the chicken (Ruyter-Spira et al. 1997), the estimated allelic frequencies of the pools in the present experiment were in good agreement with allelic frequencies calculated from individual genotypes for these markers (data not shown). This makes the pooled DNA approach a reliable method for performing a linkage experiment in order to locate single gene traits. Because only 25% of the offspring consisted of dwarf chickens, and because of the difficulties in distinguishing dwarf animals from nondwarf animals, DNA pools of relatively small size were used. This increases the probability that Figure 5 . The autosomal dwarf locus in the chicken is located close to marker LEI146 on chromosome 1p in a segment which shows conserved synteny with parts of mouse chromosome 10 and human chromosome 12. A part of linkage group WAU1 (Groenen et al., in preparation) surrounding the adw locus is shown. Because H5 and IGF1 have not originally been mapped on the WAU family, but do show linkage to markers that have been mapped in both the East Lansing and WAU family, their location is underlined. A selection of genes which are present on both human and mouse chromosomes are indicated using human nomenclature. Figure 6 . Body weight distribution of animals derived from the families segregating for the adw locus, according to their genotype for microsatellite marker LEI146. In general adw/adw homozygous dwarf animals are represented by marker genotype 1, ADW/adw heterozygous nondwarf animals by genotype 2, and ADW/ADW homozygous nondwarf animals by genotype 3. However, it must be taken into account that 3% of all animals are recombinants.
the pools would share areas of homozygosity other than the targeted interval, resulting in increased numbers of false positively linked markers (Giovannoni et al. 1991) . Indeed, false positive linkage was found for two microsatellite markers located at two different positions on the genetic linkage map. However, the use of five different mapping families was effective to recognize this phenomenon.
Individual linkage analysis of 145 dwarf and nondwarf chickens with additional markers showed that the adw locus in the chicken is closely linked to microsatellite marker LEI146 on the short arm of chromosome 1 ( Figure 2 ). This region also harbors the genes coding for lysozyme, histone 5, and insulin-like growth factor 1 ( IGF1) ( Klein et al. 1996) . Although IGF1 has an important role in the control of growth and metabolism, plasma concentrations of immunoreactive IGF1, thyroxine, tri-iodothyronine, and growth hormone were shown to be unaffected in autosomal dwarf chickens ( Huybrechts et al. 1984; Scanes et al. 1983) . Therefore reduced growth in adw chickens is unlikely to be related to the somatotroph axis and IGF1 was not considered as a major candidate gene for the dwarf phenotype. However, based on the map location of the adw locus with respect to IGF1, and considering the fact that only immunoreactive levels instead of biologically active levels of IGF1 in adw chickens have been measured, we can not completely rule out the possibility that IGF1 is playing a role in the reduced growth of adw chickens.
Both the lysozyme and IGF1 gene have been mapped in human and mouse, and have been shown to be part of a conserved syntenic group on mouse chromosome 10 and human chromosome 12 ( Figure 5) ( Klein et al. 1996) . Interestingly, in mice this region also harbors the pygmy locus. Pygmy mice display a dwarf phenotype which, like autosomal dwarfism in chickens, cannot be explained by aberrations in the growth hormone-IGF1 endocrine pathway ( Benson and Chada 1994) . Zhou et al.(1995) showed that a mutation in the gene encoding the HMGI-C protein is responsible for the pygmy phenotype in mice. They demonstrate that HMGI-C expression is restricted to the embryonic stage and that it serves as a regulator of cell proliferation. In the human, HMGI-C is also part of the conserved chromosomal gene cluster on chromosome 12. Like adw chickens, pygmy mice also show craniofacial defects, however, the mutation segregates as an incomplete recessive trait, whereas adw in the chicken has been reported to be a complete recessive trait.
The large variation in body weights observed in this experiment, especially for the nondwarf chickens, suggested that adw might also be inherited in an incomplete recessive manner. To test this hypothesis we typed the entire offspring (225 animals) from all 11 families in which adw was segregating for the most nearby marker ( LEI146). Homozygous nondwarf animals showed a tendency to have slightly increased body weights compared to heterozygous nondwarf animals ( Figure  6 ), however, the difference between the body weights of heterozygous and homo-zygous nondwarfs was not significant. This might be due to the fact that body weights were measured at 6 weeks of age, whereas chickens only reach their adult body weights after a period of 18 weeks. As shown in a developmental analysis in pygmy mice, homozygous dwarfs can first be identified on the basis of reduced body weight at day 15.5 of gestation, whereas heterozygotes can only be distinguished from wild-type mice at the age of 10 weeks when growth is completed ( Benson and Chada 1994) .
Considering the conserved synteny between the region of the adw locus on chicken chromosome 1, mouse chromosome 10, and human chromosome 12, and taking into account both the phenotypic characteristics and the mode of inheritance of the adw locus in the chicken and the pygmy locus in mice, the HMGI-C gene was considered to be a major candidate gene for the adw locus in the chicken. Nucleotide sequence alignment of a part of the isolated genomic chicken HMGI-C clone and human HMGI-C exon 5 showed eight mismatches, none of which resulted in amino acid substitutions ( Figure 3) . HMGI-C exon 5 codes for one of the four highly conserved domains which are present in all members of the high-mobility group protein family (Chau et al. 1995; Manfioletti et al. 1991 Manfioletti et al. , 1995 . Comparing the amino acid sequence of this domain with the same region present in the human HMGY gene (another member of the highly conserved HMGI protein family) shows that we indeed cloned the chicken counterpart of HMGI-C ( Figure 3) . Manfioletti et al. (1995) report the isolation of intronless HMGI-C pseudogenes sharing a sequence homology of 92% with HMGI-C cDNA. Also other studies report the presence of pseudogenes in other members of the group of high-mobility proteins (Johnson et al. 1989; Srikantha et al. 1987 ). In our study, however, comparison of sequences from the chicken HMGI-C cDNA with genomic clone 1 show the presence of an intron ( Figure 3) , showing that it is not a processed pseudogene.
We used the genomic chicken HMGI-C clone and a clone containing the sequence of the marker ( LEI146), which was found to be closely linked to the adw locus, as cohybridizing probes in a fluorescence in situ hybridization experiment of chicken metaphase chromosomes. Indeed, HMGI-C was found to hybridize to the same site as LEI146, though the limited resolution of the metaphases did not allow a centromere-telomere ordering of the probes ( Figure 4) .
In conclusion, in this study we applied the positional candidate gene approach in order to identify a likely candidate for the adw phenotype in the chicken. Functional information about a gene or phenotype is combined with its chromosomal localization and the existence of conserved syntenic groups in other species. In this way the increasingly dense human and mouse transcript maps can be exploited (Collins 1995) . The use of this approach also emphasizes the need for the localization of more expressed sequences on the chicken genetic linkage map in order to further explore the extent of synteny conservation between chickens and other species.
